ABSTRACT We examined the effects of host quality (as measured by gall size) and local mate competition (LMC) on the sex ratio of inquilines emerging from cynipid oak galls. In the galls of Trigonaspis sp. (Hymenoptera: Cynipidae), which were solitarily parasitized by the inquiline, the proportion of males decreased signiÞcantly with increasing gall size. Large galls produced large inquiline females and large numbers of offspring, but gall size did not affect mortality rate. In the galls of Cynipidae sp. 1 and sp. 2, which were parasitized by the inquilines either solitarily or gregariously, the overall sex ratio was female biased, and it did not change with increasing number of inquilines emerging from a single gall. Thus, in these galls, LMC is likely to have little effect on the sex ratio of the inquiline. The inquiline seems to manipulate its offspring sex ratio only in accordance with gall size.
Attack by parasitoids is the main mortality factor for many herbivorous insects, and these mortality rates change with the population density of the parasitoids (e.g., Hajek 2004) . Parasitoid population density is affected by various factors, such as searching efÞ-ciency, handling time, host abundance, and the sex ratio of parasitoid progeny (Hassell 1986) . Although a one-to-one sex ratio has frequently been observed in various animal species, many parasitoid wasps are known for large variations in sex ratio among and within host species (Wrensch and Ebbert 1993 , Godfray 1994 , West et al. 2002 . Therefore, the sex ratio of parasitoids is a factor of critical importance in understanding the dynamics of hostÐparasitoid systems.
On oaks (Quercus spp.), many galling cynipids (Hymenoptera: Cynipidae) are attacked by various parasitoid and inquiline species, which take over the galls, and some of which kill the cynipids at oviposition (Askew 1961 (Askew , 1975 Wiebes-Rijks and Shorthouse 1992; Schö nrogge et al. 1995 Schö nrogge et al. , 1999 Stone et al. 1995; Ito and Hijii 2000) . The mortality rates of many galling cynipids as a result of gall invasion by parasitoid wasps or inquiline wasps are often very high Cornell 1979, 1981; Wiebes-Rijks and Shorthouse 1992) . Although many previous studies have examined the species composition of parasitoid communities on cynipid galls and the mortality rates of galling insects from parasitoid attack (Askew 1961; Cornell 1979, 1981; Ito and Hijii 2000; , there is little information on the sex ratios of parasitoids and inquilines on cynipid galls in the Þeld (Hails 1989; .
Two major factors that can affect the sex ratio are host quality (Charnov et al. 1981 ) and competition for mating in a natal patch (local mate competition: LMC) (Hamilton 1967) . If females can beneÞt more than males from developing in high-quality hosts and if mating structure of the population is panmictic, then parasitoids will lay more male eggs into hosts of low quality and more female eggs into hosts of high quality; this prediction has been supported in many solitary parasitoid species, in which only one individual grows in or on a single host (e.g., King 1987 King , 1989 . However, in gregarious parasitoids, in which many individuals emerge from a single host, many studies have supported the LMC hypothesis (e.g., Godfray 1994): brothers and sisters frequently pupate together in or on their hosts, and they remain in their natal patches before mating. Thus, brotherÐsister mating and competition for mating among brothers (LMC) are very likely to occur. If one son can fertilize many daughters, the number of daughters in a single host will increase with the clutch size (the number of offspring in a single host), whereas the number of sons will not increase enough to reduce LMC; thus, the proportion of males decreases with increasing clutch size. A comparative study of the sex ratios of parasitoid species across the family Bethylidae (GrifÞths and Godfray 1988) revealed that sex ratio declines signiÞcantly with increasing clutch size. On oaks, Ito and Hijii (2000) found that some inquiline species parasitize cynipid galls either solitarily or gregariously (facultatively gregarious species). Female inquilines may ma-nipulate the offspring sex ratio in accordance with both gall size and LMC to increase their performance.
Here, we examined the factors affecting the adult sex ratio (i.e., secondary sex ratio) of the inquiline wasp Synergus sp. 1 (Hymenoptera: Cynipidae), which parasitizes cynipids on oak trees either solitarily or gregariously. Our ultimate aim was to determine the inßuence of these factors on the performance of this inquiline species in the Þeld. First, we determined the sex ratio of the inquiline in the galls of four dominant cynipid species (Hymenoptera: Cynipidae): Andricus sp. 1 (Masuda 1996b ), Cynipidae sp. 1 (Masuda 1996d) and sp. 2 (Masuda 1996c) , and Trigonaspis sp. Second, for the galls of Trigonaspis sp., we examined the effect of gall quality on the sex ratio of emerging inquilines. Finally, for the galls of Cynipidae sp. 1 and sp. 2, we examined the relationship between sex ratio and the number of inquilines emerging from a single gall.
Materials and Methods
Study Site. Sampling was performed in the Nagoya University Experimental Forest at Inabu, central Japan (Ϸ1,000 m above sea level; 35Њ 11Ј N, 137Њ 33Ј E). At this site, the annual mean air temperature averaged 8.1ЊC, and the annual rainfall averaged 2,381 mm over 4 yr (2000 Ð2003 (Yukawa and Masuda 1996, Ikai and Hijii 2006) . We have recorded Ϸ20 types of cynipid galls on both tree species at this site (Ikai and Hijii 2006) . Many galling cynipids are cyclically parthenogenetic: the sexual generation develops in spring, whereas the asexual generation develops throughout the summer or autumn of the same year (Stone et al. 2002) . Gall characteristics differ among cynipid species and between generations. At this site, we also recorded four types of cecidomyiid gall (Ikai and Hijii 2006) , although no cecidomyiid galls were taken over by the inquiline wasps.
The sexual generation of Andricus sp., a cynipid species that was dominant at our site, makes a spherical gall on the leaf surface in May (Masuda 1996b ). Usually, two or more galls are formed on a single leaf. Inquilines attack the galls of Andricus sp. immediately after gall appearance, and the diameter of the galls at this time is small (1.4 Ϯ 0.2 mm [ mean Ϯ SD]). Adult cynipids emerge from the galls in early June.
Cynipidae sp. 1 makes a spherical gall on the leaf surface (Masuda 1996d) . Galls of this species form in May and are dominant on oak trees in spring. Usually only one gall is formed on a single leaf. At our site, gall diameter immediately after gall appearance is 1.9 Ϯ 0.5 mm, and all the galls have fallen to the ground by early June (our unpublished data). This galling cynipid is thelytokous. Adults emerge from the galls the following spring (Masuda 1996d ).
Cynipidae sp. 2 makes a spherical gall on the shoot (Masuda 1996c) . Galls of this species form in May and also are dominant on oak trees in spring. Usually only one gall is formed on a single shoot. Similarly to that of Cynipidae sp. 1, gall diameter immediately after gall appearance is 2.3 Ϯ 0.5 mm. All the galls have fallen to the ground by early June (N.I., unpublished data). We do not know when the adults emerge from these fallen galls. We have not identiÞed Cynipidae sp. 1 and sp. 2 to genus, because no adults have been obtained.
The agamic generation of the galling cynipid Trigonaspis sp. makes a spherical gall on the leaf surface. These galls form from September to October, and they are dominant on oak trees in autumn. Usually only one gall is formed on a single leaf, although there may be more on seedlings and saplings. Gall diameter immediately after gall appearance is the largest (3.1 Ϯ 1.5 mm) among the four dominant cynipids. All the galls have fallen to the ground by late October. This species is apterous, and adults emerge from the galls in spring or the next spring. Trigonaspis sp. resembles the cynipids recorded by Masuda (1996a) in terms of gall morphology and life history. In these four types of galls, only one larva inhabits a single gall. We identiÞed these cynipid spp. by gall morphology according to Yukawa and Masuda (1996) .
At our site, we collected Synergus sp. 1 and sp. 2. Synergus sp. 1 was the dominant inquiline. We could easily distinguish between Synergus sp. 1 and sp. 2 by body color. This species attacks only immature galls in which the galling cynipids have not yet begun to grow. Inquiline adults lay one or more eggs into a single gall, and egg hatch occurs in Ϸ3 d. Inquiline mothers or immature larvae always kill the galling cynipids before these hosts have begun to grow. Approximately 1 mo after egg hatch, between one and 13 adult inquiline wasps emerge from a single gall. When females and males inhabit a single gall together, they usually emerge from the gall on the same date. Adult inquilines live for 2Ð10 d with water. Mating occurs frequently between individuals emerging from the same gall, and mated females do not copulate again within at least 1 wk (N.I., unpublished data). Inquilines of the genus Synergus attack only cynipid galls on oaks (Wiebes-Rijks and Shorthouse 1992), and they can enlarge some types of galls, including those of Cynipidae sp. 1 and sp. 2. Galls into which the inquilines lay two or more eggs form membranous walls around the larvae, separating one larva from another. Inquilines may be attacked by many of the same parasitoid species that parasitize cynipid galls (Askew 1961 (Askew , 1975 Wiebes-Rijks and Shorthouse 1992; Schö nrogge et al. 1995 Schö nrogge et al. , 1996a Schö nrogge et al. , 1996b .
Gall Collection and Inquiline Rearing. We selected 24 Q. serrata trees and 17 Q. crispula trees that were Ϸ0.5Ð15 m in height. At intervals of Ϸ1 mo from 12 May to 21 October 2004, we collected between 10 and 50 galls from each tree on each census day. Galls were reared in plastic boxes (3.5 by 3.5 by 1.4 cm) in the laboratory at 25ЊC from May to November 2004 and under outdoor conditions from December to April 2005. We identiÞed species of all adult wasps emerging from the galls, and we recorded the sex and number of adult inquilines emerging from a single gall, and the period of survival (days) of adult inquilines reared with water in moistened tissue paper. We measured adult wing length as an index of body size under a microscope to the nearest 0.001 mm. Three to 10 d after emergence, we dissected some females under a microscope to count the number of eggs and to measure ovipositor length to the nearest 0.001 mm (Abrahamson and Weis 1997). We used gall diameter as an index of host quality. We used digital calipers to measure to the nearest 0.01 mm both the largest and smallest diameters of each gall from which the inquilines emerged, and we used the mean of the two measurements as the gall diameter. Although gall quality includes not only size but also age (King 1990 ), we did not consider host age, because the inquilines attack only immature galls (Wiebes-Rijks and Shorthouse 1992).
We dissected all the galls immediately after the period of inquiline emergence from the galls, and we counted the number of dead inquilines inside the galls. In the inquilines that parasitized galls solitarily, the sex ratio may decrease with increasing gall size either because inquiline mothers lay more daughters into large galls and more sons into small galls or because inquiline mothers lay more daughters than sons in any gall size but the mortality rate of daughters is higher in small galls than in large galls due to lack of resources (Wellings et al. 1986 ). We therefore also measured the diameters of the galls containing dead inquilines, except those killed by parasitoids. Although we could not distinguish the sex of dead inquiline larvae, we could determine whether the mortality rate of the inquiline larvae increased with decreasing gall size.
Number of Inquiline Eggs Deposited in a Single Gall of Trigonaspis sp. Using the galls of Trigonaspis sp., we examined whether solitary inquiline adults were derived from a single egg or from a single egg surviving from multiple eggs laid in the gall. On 9 and 16 September 2004, we selected Ϸ100 shoots with large galls from each of two adjacent Q. serrata trees, because both of these trees had been subjected to extremely low rates of parasitism by inquilines (2%; n ϭ 105) and parasitoids (0%; n ϭ 105). When two or more galls occurred on one shoot, we removed all the galls but the largest shoot. We enclosed each shoot in a nylon bag of 0.1-mm mesh on 9 and 16 September 2004. Approximately 1 wk after that, we put one inquiline female into each mesh bag, using a total of 100 fertilized females that had emerged 3Ð7 d before and had had no oviposition experience. We collected these inquilines from the galls of the agamic generation of Aphelonyx glanduliferae (Monzen), Andricus symbioticus Kovalev, and Trigonaspis sp., and acorn galls of undescribed cynipid species. Six hours later, we collected the galls in all the bags, brought them to our laboratory, and then we dissected the galls to count the number of eggs laid by the inquilines. If parasitoids or inquilines had already laid eggs into these galls before the enclosure, their eggs would have already hatched before our dissections because eggs of the inquilines hatch in Ϸ3 d (N.I., unpublished data) . Eggs of Torymus sp., which were dominant in the galls of Trigonaspis sp., hatch in Ϸ3Ð5 d (Murakami 1997, van Hezewijk and Roland 2003) . We found no larvae of parasitoids or inquilines in the dissected galls; therefore, we assumed the galls had not been previously attacked by inquilines and parasitoids.
Temporal Changes in Size of Trigonaspis sp. Galls. We examined the difference in diameter of the galls of Trigonaspis sp. between the period when the inquiline mothers laid their eggs and the period when the offspring emerged from the galls. One inquiline adult emerges from one gall of this species. We selected one branch of one Q. serrata tree on 20 August, and we marked all the galls on all leaves on the branch. On 26 August, we selected seven galls that formed between 20 and 26 August on the branch, and we measured their diameters. On 3 and 9 September, we measured the diameters of these galls again. On 9 September, we then brought the galls to our laboratory to identify the insects inside them by dissection. We put living larvae individually into gelatin capsules (Wako, No. 0) and reared them to adulthood in the laboratory at 25ЊC. They emerged on 14 September. These inquilines were Synergus sp. 1. In spring, these inquilines become adults in no Ͼ1 mo (N.I., unpublished data), and it is thus certain that the inquilines had laid their eggs into the galls by 26 August.
Statistical Analysis. We used a chi-square test to test for bias in the sex ratio in the inquilines emerging from each type of gall. Temporal changes in gall size were analyzed by repeated measures analysis of variance (ANOVA). We used PearsonÕs correlation coefÞcient to test for correlations between body size and longevity of adults, the number of eggs, and the ovipositor length of inquiline females. For Trigonaspis sp. that was solitarily parasitized by the inquilines at our site, we analyzed the effect of gall size on sex ratio and mortality by using generalized linear models (GLM) with binomial errors and logit link (Crawley 2002) . When the residual deviance was substantially greater than the residual degrees of freedom, we Þtted data by using quasi-binomial errors rather than binomial errors. Explanatory variables were selected by a backward elimination procedure (Agresti 1996 , Crawley 2002 .
For galls that were parasitized gregariously, we used a chi-square test to examine the relationship between the total number of inquilines emerging from a single gall and sex ratio. Living inquilines found inside a single gall together with dead inquilines or parasitoids were excluded from this analysis. All statistical analyses were performed with the software package R 2.2.0 (Ihaka and Gentleman 1996) .
Results

Components of Cynipid Galls and Parasitoid
Complex in Our System. Seven types of cynipid gall were dominant at the site. Among these, only An. symbioticus makes polythalamous galls (i.e., galls with more than one larval chamber). Other species produced monothalamous galls (Table 1) . Four types of gall developed in spring, two in summer, and one in autumn. Ten parasitoid species and two inquiline Synergus species emerged from these galls (Table  1) . Nine parasitoid species belonged to the superfamily Chalcidoidea (Hymenoptera), one species to Ichneumonidea (Hymenoptera), and two inquiline species to Cynipoidea. All the inquilines and parasitoids emerged within 1 mo after gall collection, except for the ichneumonid, which emerged after 1 yr. Synergus sp. 1 was dominant in many types of gall. One or more adult inquilines (Synergus sp. 1) emerged from a single gall of Cynipidae sp. 1 and sp. 2 (Table 2) . When female and male inquilines inhabited a single gall together, they emerged from the galls on the same day. Mating did not occur within the galls, because none of the membranous walls that separate one inquiline from another were broken. However, only one inquiline adult emerged from a single gall of Andricus sp., An. symbioticus, Cynipidae sp. 3, Ap. glanduliferae, and Trigonaspis sp. In the oviposition experiment, 87 individuals among 100 inquilines tested did not lay any eggs into the galls of Trigonaspis sp. However, 13 individuals laid one egg into a single gall of Trigonaspis sp., and none of the inquilines laid two or more eggs. Thus, many mothers laid a single egg into an individual Trigonaspis sp. gall, which led to emergence of one inquiline adult (Table 1) . Numbers in square brackets are the number of galls from which inquilines emerged as a percentage of the number of galls collected (no. of galls from which Synergus sp. 1 emerged/no. of galls collected) ϫ 100. a, agamic generation; s, sexual generation; t, thelytoky and univoltine; and u, unknown.
a Polythalamous gall (i.e., with more than one larval chamber). b Sex ratio differed from 0.50 (P Ͻ 0.05; 2 test). Ñ, no emergence. Gall diam (mm) 1.4 Ϯ 0.2 1.9 Ϯ 0.5 2.3 Ϯ 0.5 3.0 Ϯ 1.0 2.8 Ϯ 0.9 2.5 Ϯ 1.0 3.1 Ϯ 1.5 No. of inquilines emerging per gall
Wing length of inquilines (mm)
Values are mean Ϯ SD. Gall diameter was measured immediately after gall appearance. Numbers in square brackets are maximum numbers of inquilines emerging per gall. a, agamic generation; s, sexual generation; t, thelytoky and univoltine; and u, unknown.
a Polythalamous gall (i.e., with more than one larval chamber). Ñ, no emergence.
The proportion of galls from which inquilines (Synergus sp. 1) emerged ranged from 1 to 34% and depended on the species of gall maker ( Table 1 ). The rate of parasitism by inquilines was no Ͻ20% on galls of the four dominant cynipid species.
Performance and Sex Ratio of Inquiline Wasps Emerging from Each Type of Gall. The size of Andricus sp. galls was smaller than the dominant galls that formed in spring (i.e., Cynipidae sp. 1 and sp. 2; Table  2 ; one-way ANOVA, F ϭ 85.318; df ϭ 2, 274; P Ͻ 0.001). Although the wing length of the inquilines did not differ signiÞcantly among the spring gall types, the wing length of inquilines emerging from the galls of Andricus sp. was slightly smaller than that of inquilines emerging from Cynipidae sp. 1 and sp. 2 galls (oneway ANOVA: female: F ϭ 1.669; df ϭ 2, 130; P ϭ 0.192; and male: F ϭ 3.134; df ϭ 2, 48; P ϭ 0.053) ( Table 2) .
The sex ratio of inquilines emerging from the galls of Andricus sp. was signiÞcantly male biased (Table 1) . However, in the galls of Cynipidae sp. 1 and sp. 2, the sex ratio of emerging inquilines was signiÞcantly female biased. The sex ratio of inquilines emerging from the galls of Trigonaspis sp. in autumn was female biased (Table 1) .
Effect of Size of Trigonaspis sp. Galls on Inquiline Performance and Sex Ratio. The diameters of galls of Trigonaspis sp. parasitized by inquilines (Synergus sp. 1), did not increase 2 wk after measurements were started, whereas the diameters of unparasitized galls increased signiÞcantly ( Fig. 1; Table 3 ). Thus, the diameter of parasitized Trigonaspis sp. galls did not change between the periods of attack of the gall and emergence of the inquilines.
In galls of Trigonaspis sp., body size (as measured by the wing length of emerging inquilines) increased signiÞcantly with gall diameter (female: r p ϭ 0.333, df ϭ 93, P Ͻ 0.001; and male: r p ϭ 0.438, df ϭ 97, P Ͻ 0.001). Although adult survival did not increase with body size (female: r p ϭ 0.150, df ϭ 151, P ϭ 0.065; and male: r p ϭ Ϫ0.126, df ϭ 102, P ϭ 0.201), the number of eggs and ovipositor length were positively correlated with body size (egg number: r p ϭ 0.752, df ϭ 8, P ϭ 0.012; and ovipositor length: r p ϭ 0.938, df ϭ 11, P Ͻ 0.001).
For the galls of Trigonaspis sp. collected on 21 October, female inquilines emerged from large galls and males emerged from small galls (slope Ϯ 95% CI ϭ Ϫ0.689 Ϯ 0.182; 2 ϭ 18.123, df ϭ 1, P Ͻ 0.001) (Fig. 2) . In the galls of Trigonaspis sp., many inquilines were dead before emergence. Dead inquiline larvae seemed desiccated or they turned black. We found few parasitoids of the inquiline. We could not distinguish whether inquiline larvae were Synergus sp. 1 or sp. 2, but because few individuals of Synergus sp. 2 emerged from the galls (Table 1) , we treated all the dead inquilines as Synergus sp. 1. The mortality rate of inquilines was not affected by gall diameter (slope Ϯ 95% CI ϭ Ϫ0.045 Ϯ 0.159; F ϭ 0.408; df ϭ 1, 5; P ϭ 0.551) (Fig. 3) .
Correlation between Sex Ratio and Number of Inquilines Emerging from Cynipidae spp. Galls. The sex ratio of inquilines was not related to the number of inquilines emerging from the galls of Cynipidae sp. 1 ( 2 ϭ 5.633, df ϭ 3, P ϭ 0.131) or sp. 2 ( 2 ϭ 2.828, df ϭ 3, P ϭ 0.419) (Fig. 4) .
Discussion
Many studies have shown that the offspring sex ratio of solitary parasitoids decreases with increasing host size, i.e., male-biased sex ratios in smaller hosts (e.g., Charnov et al. 1981) . In our study, more solitary male inquilines emerged from small galls than from large galls. Thus, the sex ratio shifted to female biased with increasing gall size (Fig. 2) . Some previous studies have found that the mortality rate of parasitoid females in small galls is higher than that of males (e.g., Wellings et al. 1986 ). Although we could not determine the sex of the dead inquiline larvae, the size of the Trigonaspis sp. galls did not affect the mortality rate of inquiline larvae (Fig. 3) . Differential larval mortality of male and female inquilines in small versus large Trigonaspis galls did not explain the patterns in sex ratio we observed.
Another explanation for gall size-dependent sex ratio is that inquiline mothers laid male eggs into small galls and female eggs into large galls. This would be expected if gall size affects female performance more than the male performance (Charnov et al. 1981 ). In our experiment, large galls produced large inquiline wasps, which had higher fecundity and longer ovipositors, characteristics critical for laying eggs into thickwalled galls (Abrahamson and Weis 1997) . Thus, inquilines might increase Þtness by laying female eggs into large galls.
The inquilines in our study parasitized Cynipidae spp. galls not only solitarily but also gregariously. In gregarious parasitoids, a negative correlation between sex ratio and clutch size has been observed (GrifÞths and Godfray 1988) . This correlation is thought to reßect an adaptation to LMC. The sex ratio of the inquilines that emerged from the galls of Cynipidae sp. 1 and sp. 2 was consistently female biased, but it did not change with increasing number of inquilines emerging from a single gall (Fig. 4) . Our results suggest that LMC is likely to occur infrequently or to be weak in our system.
The female-biased sex ratio of the inquilines emerging from the galls of Cynipidae sp. 1 and sp. 2 might have been caused by differences in gall size, not by LMC. The size of Cynipidae sp. 1 and sp. 2 galls were signiÞcantly larger than those of Andricus sp. galls, which were also dominant in spring (Table 2 ). In addition, the wing lengths of the inquilines emerging from galls of Cynipidae sp. 1 and sp. 2 were slightly larger than that of Andricus sp, although differences were not statistically signiÞcant (Table 2) . Therefore, the galls of Cynipidae sp. 1 and sp. 2 may have been of better quality than those of Andricus sp. for the inquilines, leading to a female-biased sex ratio in the inquilines from the former species.
Another potential explanation for female-biased sex ratio in the inquilines emerging from Cynipidae sp. 1 and sp. 2 is that inquiline females might exert stronger competitive effects than males, although equal numbers of male eggs as female eggs may have been laid. The membranous wall of the gall separates one individual from another should limit competition.
In conclusion, our data show that the sex ratio of inquilines emerging from Trigonaspis sp. galls was affected signiÞcantly by gall size. Female inquilines emerged mainly from large galls. In the galls of Cynipidae spp., the sex ratio of emerging inquilines was female biased but it did not decrease with increasing number of inquilines emerging from a single gall. Thus, LMC was unlikely to have affected the sex ratio of the inquilines. The relatively galls of large size of Cynipidae sp. 1 and sp. 2 may explain the female-biased sex ratio of inquilines emerging from these galls. Overall, our results suggest that to increase their performance, female inquilines manipulate the offspring sex ratio only in accordance with gall size. Fig. 3 . Relationship between external diameter of Trigonaspis sp. galls and mortality rate of inquilines. Number near each marker is the number of galls used in the analysis. Mortality rate was represented by the number of dead inquilines divided by the total number of galls parasitized by the inquilines. Fig. 4 . Relationship between number of inquilines emerging from a single gall and sex ratio (proportion of males). Vertical bars are 95% CI. Number near each marker is the number of inquilines used for in analysis.
